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Abstract - This paper focuses on the impact of flood on tree mineral nutrition through measurement of resorption (i.e. transfer of
nutrients from leaves to perennial organs). Nutrient (N, P, K, Mg, Ca) concentrations in leaves of three representative species,
Fraxinus excelsior L., Ulmus minor Mill. and Clematis vitalba L. were measured before and after abscission on flooded and unflood-
ed hardwood forests of the upper Rhine plain. The nutrient concentrations in the soils, which were measured in the top layer of the
study sites, were higher in the flooded sites for P but slightly lower for N and K, and identical at both types of site for Ca and Mg.
The summer foliage concentrations were higher for N and P in the flooded areas, and probably related to the flooding process, which
contributes to regular nutrient inputs in the flooded forest, causes high fluctuations of water level and increases bioavailability of cer-
tain nutrients. Resorption occurred for all nutrients in the three species, and was higher for N, P and K (40-70 %) than for Ca and Mg
(0-45 %), but not significantly different at the two sites. This paper stresses the variability of the test species response (nutrient con-
tent and resorption) to the soil and flood water nutrient sources, and tries to specify parameters which control resorption, i.e. soil fer-
tility, tree species or flood stress. &copy; 1999 Inra/Éditions scientifiques et médicales Elsevier SAS.
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Résumé - Impact de la suppression des inondations sur le contenu minéral foliaire et la retranslocation chez Fraxinus exel-
sior, Ulmus minor et Clematis vitalba. Afin de vérifier l’influence des crues sur la nutrition minérale d’espèces ligneuses en zone
alluviale, nous avons étudié le transfert des nutriments des feuilles vers les organes pérennes à la sénescence (résorption). Les
concentrations de nutriments (N, P, K, Mg, Ca) ont été mesurées dans les feuilles de trois espèces ligneuses, Fraxinus excelsior L.,
Ulmus minor Mill. et Clematis vitalba L. avant et après abscission dans des forêts alluviales inondables et non inondables de la plaine
du Rhin supérieur. Alors que les concentrations de phosphore dans l’horizon superficiel des sols inondables sont plus élevées que
celles mesurées dans les sols non inondés, elles sont un peu plus faibles pour l’azote et le potassium et identiques pour Ca et Mg
entre les deux types de sites. Les concentrations d’azote et de phosphore dans les feuilles d’été sont en général plus élevées dans les
sites inondables. Ce résultat est à mettre en relation avec les inondations qui apportent des nutriments, provoquent des fluctuations
importantes des niveaux d’eau et augmentent la biodisponibilité de certains nutriments. On mesure une résorption de tous les nutri-
ments pour les trois espèces non significativement différente entre les deux types de sites; elle est cependant plus importante pour N,
P, K (40-70 %) que pour Ca et Mg (0-45 %). Le contenu foliaire et la résorption des nutriments sont analysés comme éléments de
réponse des espèces tests aux paramètres de contrôle: la fertilité des sols et les inondations. &copy; 1999 Inra/Éditions scientifiques et
médicales Elsevier SAS.
nutriment / résorption / forêt alluviale / nutrition minérale / espèce ligneuse
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1. Introduction
Nutrient resorption is known as one of the most
important of all strategies employed by plants to econo-
mize nutrients before senescing. Soil fertility is often
considered as a main factor in controlling resorption.
However, the relationship between resorption and soil
fertility is a controversy with a long history: some stud-
ies have shown that resorption may increase with rising
nutrient availability [13, 27, 28, 32, 39], others that there
is a decrease with increase in soil nutrient content [5, 11] 
and in other cases, resorption efficiency is not influenced
by soil conditions [1, 4, 16] suggesting that other para-
meters can influence resorption. In alluvial forests, regu-
larly flooded sites offer the best conditions for plant
nutrition, particularly when the flood waters are nutrient-
rich and the soils not too reducing to lead to a removal of
nitrogen by denitrification, for example [9, 20, 22, 42,
43]. When flooding is prevented by a dyke or canal con-
struction, N/P ratios in litter increase after a few years
[24, 35, 43]. These latter authors suggested that fluctua-
tions in soil nutrient availability after elimination of
floods may have caused enhancement of nutrient resorp-
tion from tree foliage back to woody tissues in the
autumn. Similar conclusions were published for the
forests of the Amazon: where floodplain soils were rela-
tively poor in nutrients as in the igapo forests, nutrient
resorption from leaves prior to abscission may be impor-
tant in the conservation of elements [20].
In the light of these contradictory results, we propose
a study which investigates the relative significance of
nutrient resorption in three deciduous woody species in
relation to the suppression of floods in the upper Rhine
valley (France). We wish to answer the question: what is
the consequence of fluctuations in soil nutrient and water
on the mineral nutrition of trees since the floods of
which the unflooded site is deprived, which contribute to
the inputs of nutrients and to high variations in ground-
water level, in the alluvial forest ecosystem? Floods
could also have a stress effect on some species by their
impact on oxygenation of soil (root asphyxia).
Moreover, Aerts [1] suggests that the resorption process
could be linked to soil moisture availability or shoot pro-
duction (’sink strength’) and the rate of phloem transport
(source-sink interactions), depending, however, on the
species (e.g. structure or leaf longevity [38], and the
resorbed element [11].
2. Study area
2.1. Site description
The upper Rhine valley in the north-eastern region of
Alsace, France, includes extensive forested wetlands,
naturally flooded prior to 1850. Since then, river man-
agement has increasingly reduced flood frequency, dura-
tion and height. About 4 000 ha of wetlands have thus
been unflooded since the building of dykes in 1850, and
flooded areas are now reduced to small islands of a few
hectares [40]. Rhine floods occur mostly in the summer.
Soils (fluvent A/C type, USDA) of flooded and
unflooded areas are young, coarse-textured and calcare-
ous [34] On the islands, floods deposit a nutrient-rich
layer of silt every 2 or 3 years.
2.2. Experimental stands
Three stands at a distance of 20 km from each other
were chosen in the flooded island forests, as well as
three other comparable stands in unflooded areas behind
the dykes. All have retained a semi-natural structure
owing to relatively limited human management.
Sites were selected to be as homogeneous as possible
with respect to soil type, generally with a silty top layer
1.5 m thick, 20 % clay in the superficial layer and a pH
above 7.5. In order to standardize the influence of forest
structure and stand age on the behaviour of the selected
woody species as far as possible, similar hardwood com-
munities near equilibrium (100-150 years old) were
selected, with a characteristic canopy composed of three
tree species (Fraxinus excelsior L., Quercus robur L.,
Ulmus minor Mill.) and two arboreal lianas (Hedera
helix L. and Clematis vitalba L.). 
The test species were canopy species (Fraxinus excel-
sior, Ulmus minor and Clematis vitalba). Choice of these
particular species was guided by changes recorded in
growth and pattern after elimination of flood risk [36,
37].
3. Materials and methods
3.1. Soil sampling and analysis
Since nutrients are concentrated mainly in the topsoil
[34], we sampled only the upper 15 cm of the A1 hori-
zon. One soil sample per site, consisting of ten cylindri-
cal subsamples, was taken. The soil was dried at 105 °C
for 48 h and sieved (< 2 mm). Organic carbon was mea-
sured by the Anne method. Total nitrogen was measured
by the Kjeldahl method (after digestion with sulphuric
acid at 350 °C). Exchangeable cations (Ca, Mg, K) were
extracted with 1 N ammonium acetate at pH 7 and
analysed by flame AAS. Available phosphorus was
assessed by extraction with 0.2 N ammonium oxalate
following the Joret-Hébert method for calcareous soils
[34].
3.2. Leaf sampling
We collected shade leaves, which we consider as rep-
resentative of the understory stratum, 1-3 m above
ground in summer and autumn 1990. In fact, in a study
in progress we have measured no significant difference
in nutrient leaching between low and high levels of the
canopy for an understory tree, as also shown by Son and
Gower [38] for evergreen species. Three individuals for
each species were selected per site. Three flooded sites
and three unflooded sites were sampled.
Three pairs of leaves per individual tree or liana, as
similar in size, shape and shoot location as possible,
were selected for study when mature (August). Leaflets
were used for Fraxinus excelsior. All areas of the lami-
nae of each of the three test species were photographed
with a reference grid, and areas determined with a leaf
area meter (Delta T device Ltd, Burwell). Then, half the
leaves (one of each pair) were collected. The remaining
leaf of each pair was attached to parent stems with a
thread using a sewing needle so as to be able to recover
them after natural abscission. Senescent leaves were col-
lected between 15 October and November 23 November.
It was assumed that foliage leaching was low, especially
for N, P [26, 32]. This is not the case for Mg, K and Ca.
However, we consider the results of these nutrients as
relative on a comparative basis between sites subjected
to the same influence of precipitation, and not as
absolute.
After harvesting, all laminae areas were measured
again after enclosure in a water-saturated atmosphere for
2 days. Specimens were dried and weighed after 24 h at
105 °C. Leaf areas of freshly harvested leaves were com-
pared with those calculated from photographs to estimate
the error between the measured and calculated surface
areas (4-5 %). To estimate initial dry weights of the
leaves collected after abscission, areas and weights were
determined from measurements on freshly harvested
leaves by a regression analysis between dry weight and
area.
3.3. Foliar analyses
The three leaves from the same individual were
pooled. Thus, we have three samples per species and per
station. They were ground and digested in sulphuric
acid-hydrogen peroxide-mercuric oxide for chemical
analysis. Nitrogen was assessed using an automated
method involving formation of a blue indophenol-like
compound, phosphorus was measured by an automated
phosphomolybdate blue method. Potassium was deter-
mined by flame emission spectrophotometry, calcium
and magnesium by flame atomic absorption spectropho-
tometry [2].
3.4. Data processing
Foliar nutrient concentrations were calculated on a
dry weight basis. Percentage change in leaf nutrient con-
tent during senescence (resorption R) was calculated for
each nutrient from concentrations (mg·g-1) calculated per
unit leaf mass and from percentage dry weight loss esti-
mated from the regression
where Ci is the nutrient concentration in green leaves,
Cse the concentration in senescent leaves and P the
weight loss estimated by regression between weight and
area of green leaves (initial mass) and mass of senescent
leaves.
Results of foliar and soil content and resorption were
compared using a Student’s t-test.
4. Results
4.1. Soil nutrient content
Concentrations of nutrients studied in flooded and
unflooded areas vary according to the nutrient (table I).
Organic carbon is higher in the unflooded forests.
Nitrogen and potassium are also slightly higher in
unflooded areas in spite of elimination of supply by
floods. However, the C/N ratio is similar in both types of
site. On the contrary, total phosphorus shows a signifi-
cantly lower value in the unflooded sites, whereas Mg
and Ca do not change significantly (P < 0.05).
4.2. Foliar studies
4.2.1. Shrinkage and dry weight decrease
The regressions between dry weight and area on fresh
leaves gave correlation values (P < 0.05) of
R2 = 0.70-0.75 for Fraxinus, R2 = 0.80 for Ulmus and
R2 = 0.56-0.59 for Clematis (table II). The lowest corre-
lation between area and dry weight of Clematis could be
due to the thinness and thus the fragility of the leaves,
possibly resulting in nutrient leaching without area loss.
The mean percentage shrinkage ranged from 10-12 %
in Clematis to 15-16 % in Fraxinus. Lamina dry weight
loss of abscised leaves estimated by regression was
about 25 % for Clematis, 31 % for Ulmus and between
28 and 32 % for Fraxinus (table II).
4.2.2. Foliar concentrations and resorption rates
Flooded and unflooded forest produced senescent
foliage that contained similar amounts of N but different
amounts of P (figure 1). Unflooded forest has lower con-
centrations of P (0.84 mg·g-1) than has flooded forest
(1.27 mg·g-1).
There were significant differences in foliar P concen-
trations and amounts between individuals growing in
flooded and unflooded sites. This element was around
30 % lower in unflooded sites for the three test species
summer and senescent leaves. But there are no signifi-
cant differences between the two types of site for the
other nutrients (N, K, Mg, Ca), except for N in summer
leaves of Fraxinus and Clematis (P = 0.09) (table III).
Clematis shows the highest difference between the two
types of site with respect to summer leaf content (45 %
for N and 32 % for P).
Resorption occurred in flooded and unflooded stands
and varied with the species (figure 2). Nutrient resorp-
tion was 40 and 70 % for N, P and K in the three test
species and lower for Ca and Mg (0-45 %), Ca showing
the lowest resorption. It did not vary significantly after
elimination of flooding. However, we observed a few
trends, i.e. a decrease in N resorption, especially for
Fraxinus in the unflooded sites: thus we measured a
resorption of 59.4 % in the flooded sites against only
45.2 % in the unflooded ones, corresponding to a reduc-
tion in resorption of 23.8 % in unflooded sites compared
to flooded sites. On the other hand, the resorption of K
was higher in the unflooded site than in the flooded one
in Fraxinus and Ca was more resorbed in Clematis in the
flooded site than in the unflooded one.
5. Discussion
5.1. Nutrient soil availability
The soil content of Rhine alluvial sites was similar to
those measured in the south-Moravian floodplain [19].
The suppression of floods leads to a reduction in soluble
phosphorus input, which largely explains the lower soil
content measured in the unflooded site. In contrast, there
is no significant difference in N, Mg and Ca soil content.
5.1.1. Nitrogen
Nitrogen concentrations were relatively high (more
than 3 g·kg-1) as compared with selected soils collected
in the United States [8, 30]. The low C/N ratio (around
15) in both sites, flooded and unflooded, exhibits
favourable conditions for mineral nutrition of trees.
The source of nitrate is both external as in the case of
transport by flood waters (20.4 kg·ha-1 [41]) and precipi-
tation (atmospheric inputs: 13.7 kg·ha-1) and internal as
a result of an active biotic cycle. In fact all the sites of
the alluvial plain are highly nitrifying: nitrate nitrogen
represents 85 % of mineralizable nitrogen and the most
efficient site produces about 660 mg mineral nitrogen
per 100 g organic matter per year [36]. When the water
table drops below ground level, aeration of soil stimu-
lates nitrification and increases soil nitrate concentra-
tions at sites both behind and in front of the dykes. We
measured up to 17 mg·L-1 N-NO3 in groundwater after
a flood when water is infiltrating [33] and 29 mg·L-1 N-
NO3- in the soil solution of a sandy-silty terrace. The
active biotic nitrogen processing is favoured both by the
rich nitrifying bacterial population in the floodplains [9,
12] and fluctuations in water level. However, in the
flooded stand where the soil nitrogen content is slightly
lower than that at the unflooded one, nitrification is
probably compensated by denitrification resulting from
saturation of the soil, which leads to a low level of oxy-
gen. This last process no longer occurs in the unflooded
stand.
5.1.2. Phosphorus
Sediments represent a large proportion of the ecosys-
tem phosphorus capital although only a small proportion
may be in a form available for plants depending on soil
pH, redox potentiel and temperature [6, 15, 31]. High
soil phosphorus content in the flooded islands
(0.038 g·kg-1) could be attributed to flood deposits (esti-
mated to 0.124 g·kg-1 [34]). On the other hand, the alter-
nating processes of P solubilization/precipitation in the
flooded calcareous soils can provide available phophorus
retained on active lime, a part of which is extracted by
oxalate. However, good retention capacity of the calcare-
ous sediments and lack of leakage from the ecosystem is
confirmed by low P level in groundwater [33]. The mea-
sured available phosphorus concentrations were about
50 % lower behind the dykes because there was no
process of autogenesis similar to that of the nitrogen
cycle, which could compensate loss of regular P inputs
from floodwaters.
5.1.3. Calcium
Calcium is a very abundant element (9.43 g·kg-1) in
all flooded Rhine soils. Fluctuations of water level in
flooded soils contribute to a change in Ca carbonate to
active lime, as evidenced by readier extraction by ammo-
nium acetate, which can increase the Ca soil content.
Calcium concentration decreases slowly after the cessa-
tion of geomorphogenesis and the onset of pedogenesis
owing to suppression of floods, which explains the lower
Ca value in unflooded areas (-22 %). In these sites, we
observe on the soil surface a change of humus from a
hydromull to a mull moder (or even to a xeromoder
owing to the decrease in water level) since organic mat-
ter accumulates as result of it not being transformed [3]
and the top soil composition evolves to decarbonatation.
5.2. Mineral nutrition versus fertility of soil
In the unflooded sites, nitrogen and phosphorus con-
centrations in mature leaves of deciduous trees are of the
same order as those indicated by Aerts [1] (22 mg·g-1 N,
1.6 mg·g-1 P), but those measured in the flooded sites are
significantly higher, except for Fraxinus. The difference
in the nutrient content of mature leaves between both
sites suggests a particular contribution of flooding. First,
this could be linked to direct nutrient input from flood-
waters. Second, the regular alternation between flooding
and dry periods favours nutrient release from soil organ-
ic matter, allowing a rapid uptake by species. These
results do not reveal the direct influence of site fertility,
since for N and K, for example, there is a negative rela-
tion between soil content and mature leaf content, which
is in contradiction with results of a study on a
Mediterranean Quercus ilex forest [32] These authors
attribute higher N and P concentrations in relation to
higher soil content to a higher temperature and water
availability which enhances microbial activity. In the
flooded sites, the water and nutrient availability was
improved. In fact flooding favours production of bio-
mass and nutrient utilization of seedlings. However, the
response of plants to flooding in terms of nutrient con-
centration in different parts of the plant changes greatly
according to the nutrient [23]. Phosphates are not easily
available to plants because of their low solubility in cal-
careous waters and their adsorption on soil colloids. In
flooded sites, however, plants benefit from inputs of sol-
uble phosphate by floods and temporary release of
adsorbed phosphates during and after the flooding
through reduction of Fe III to Fe II [29] which is readily
mobile and available for plant uptake [25].
The average N and P values of the senescent leaves of
the three species are higher than those of around
9.3 mg·g-1 N and 0.6 mg·g-1 P for deciduous trees found
by Killingbeck [17] from data collected at numerous
locations in the USA. Rates of nutrient return from
leaves to the forest floor in southern hardwood forests of
USA (Illinois, North Carolina, Florida) were found to be
higher in alluvial ecosystems than those for upland
ecosystems, which suggests that fluvial processes are
important in maintaining the high fertility of riparian
forests [7]. However, there is no significant difference
between the two types of site, except for P in all species.
Woody species in unflooded forest seem to be more pro-
ficient at reducing P in their senescent leaves than are
species in flooded forest as demonstrated by Ulmus in
which the concentrations in summer leaves are not sig-
nificantly different between the two sites, but those of
senescent leaves are (table III). This may be explained
by the fact that less P is available to the trees in unflood-
ed areas than in flooded areas as a consequence of the
elimination of the supply by floods (table I). However, P
resorption is not significantly different in both types of
sites.
5.3. Parameters controlling nutrient resorption
The data for resorption of N and P obtained in the
alluvial sites are in accordance with those collected in
the literature by Aerts [1] which are around 50 % for
deciduous trees. On the other hand, no significant differ-
ences in resorption appear for the three species between
the two sites. Given the significant differences observed
for N, P and K in the mature leaves between the two
types of sites, we tried to correlate content in mature
leaves of one given element and resorption of this ele-
ment (figure 3). There is a positive correlation
(R2 = 0.39, P < 0.05) for nitrogen and no correlation for
the other nutrients. The trend towards a decrease in N
resorption with decreasing concentration of this element
in the leaves of Fraxinus and Ulmus in unflooded areas
is in contradiction to a high resorption in relatively nutri-
ent-poor soil [28, 35] and in agreement with studies
showing high resorption on nutrient-rich soil.
Comparable results have been obtained in other
European mull sites of variable fertility, in upland oak
communities of Belgium [ 13] and beech forests of south-
ern Sweden [39]. Our results confirm that there is no
direct effect of soil fertility on resorption [1], as already
shown for nitrogen uptake. The difference in resorption
could be attributed to the fluctuations in water level and
consequently to the soil moisture availability which has
been stressed as an important determinant of nutrient
resorption efficiency by Aerts [1]: thus a higher resorp-
tion value was observed at sites with higher water avail-
ability [32]. However, the difference in soil humidity
between the two types of sites are not very great (humid-
ity around 45-50 %). The high fluctuations of water
level could act as a stress on N resorption in relation to
alternation of nitrification and denitrification periods,
this last process occurring frequently during the growing
season and thus limiting the N availability. This flooding
stress could lead to a higher resorption of nitrogen.
An unexpected result was that there is no difference
for P resorption between flooded and unflooded sites in
the three test species, in spite of a significant decrease in
P concentrations in the summer and autumn leaves of the
unflooded sites and significant differences of P level in
soils of flooded and unflooded sites. For Fraxinus, this
result is in contradiction to those of Weiss et al. [42] and
Weiss and Trémolières [43], who showed higher differ-
ences in concentrations between summer leaves and
senescent leaves in sites poorer in phosphorus (unflood-
ed sites). However, the methodology used in the two
studies is quite different as was the objective. Weiss et
al. [42] measured concentrations of phosphorus in leaves
before abscission and in leaf litter, as is commonly mea-
sured by authors in resorption studies. In the present
study, our results suggest good nutrient supply behind
the dykes, except perhaps for Fraxinus, which could be
related to an increase in fungal mycorrhizal populations
which compensates the loss of soluble P inputs [10, 14,
21]. Fraxinus is a particular case when this species
shows a very low foliar concentration by comparison
with that measured for example in the south Moravian
floodplain forests (3.4 mg·g-1) [18]. However, the leaves
were collected in August and Weiss et al. [42] have
shown that the foliar concentrations in August were two
to three times lower than the concentrations in May or
even in July, in both flooded and unflooded forests.
The similar foliar contents and resorption rates of K,
Mg and Ca for Ulmus and Clematis at all sites suggest
that the amounts of these elements are sufficient in the
unflooded sites, which is due to the geochemistry of the
Rhine alluvial deposits. Fraxinus exhibited a trend to
store K in perennial organs in the unflooded sites which
is visible in the lower K content in senescent leaves
behind the dykes, whereas the summer leaf content is not
different in the two sites. This species clearly has high K
requirements as has also been recorded in the south
Moravian floodplain forests [ 18].
The present study has shown that the foliar P concen-
trations of leaves are directly linked to flood and fluctua-
tions in groundwater level. But this relationship is less
clear for N, K, Mg and Ca. Given the good availability
of nutrients even in unflooded sites owing to compensa-
tion factors (e.g. for phosphorus) or high nutrient content
in soil (Ca and Mg), resorption which was often inter-
preted as an economy process in the mineral nutrition of
plants occurs largely in the alluvial ecosystems and does
not change after suppression of floods, in spite of a
decrease in nutrient supply and low variations in water
level. The higher N resorption in the flooded sites could
be interpreted as an effect of flood stress, which can
limit the bioavailability of nitrogen.
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